Abstract. Pancreatic cancer, one of the most common cancers globally, is the fourth most common cause of cancer-associated mortality in the USA. The 5-year relative survival rate for patients with pancreatic cancer is ~5% and the median survival time is only 6 months. The poor prognosis is mainly due to early and aggressive local invasion and metastasis, as well as dissemination of the pancreatic cancer cells. The present study demonstrated that microRNA-452 (miR-452) was markedly downregulated in pancreatic cancer tissues, particularly in metastatic tumors and pancreatic cancer cell lines. Overexpression of miR-452 significantly inhibited migration and invasion in pancreatic cancer cells. In addition, the molecular mechanism underlying the inhibitory functions of miR-452 in pancreatic cancer was also investigated. The results indicated that B-cell-specific Moloney murine leukemia virus insertion site 1 (BMI1) was a direct target gene of miR-452 in pancreatic cancer. Overexpression of miR-452 inhibited the migration and invasion of pancreatic cancer, at least partially by knockdown of BMI1 expression. The results provided novel insight with potential therapeutic applications for the treatment of metastatic pancreatic cancer.
Introduction
Pancreatic cancer, one of the most common cancers globally, is the fourth most common cause of cancer-associated mortality in the USA (1) . In 2015, it was estimated that there would be 48,960 new pancreatic cancer cases and 40,560 mortalities due to pancreatic cancer in the USA (2) . Epidemiological studies have demonstrated that the likelihood of pancreatic cancer is associated with numerous factors, including smoking, high-fat high-protein diets, alcoholism, coffee drinking, exposure to certain chemical carcinogens, diabetes mellitus and chronic pancreatitis (3, 4) . Pancreatic ductal adenocarcinoma is the most common subtype of pancreatic cancer, accounting for 85-90% of all pancreatic cancer cases (5) . Although progress has been made in surgery and perioperative management, the 5-year relative survival rate for patients with pancreatic cancer remains at ~5% and the median survival time is only 6 months (6) . The poor prognosis is mainly a result of early and aggressive local invasion and metastasis, as well as dissemination of the pancreatic cancer cells (7) . Therefore, it is urgent to improve understanding of the molecular mechanisms underlying the metastasis of pancreatic cancer, and to investigate more effective therapeutic treatments for patients with pancreatic cancer to block cancer metastasis.
MicroRNAs (miRNAs/miRs) are considered to be useful biomarkers for the early diagnosis, therapy and prognosis of human cancers, including pancreatic cancer (8) (9) (10) . They are an evolutionarily conserved group of non-protein-coding and short RNAs, 18-22 nucleotides in length, whose function is to regulate the expression of their target protein-coding genes either by translational suppression or gene degradation through binding to the 3' untranslated regions (3'UTRs) of target genes in a base-pairing manner (11, 12 ). An increasing number of studies have demonstrated that miRNAs regulate numerous biological processes, including cell growth, apoptosis, the cell cycle, metastasis and metabolism, and consequently, their alterations are considered to perform important functions in carcinogenesis and progression of cancers (13) . Abnormal expression of miRNAs is associated with various types of diseases, including cancer, and tumor-associated miRNAs act as tumor suppressors or oncogenes depending on their target mRNAs (14) . Therefore, elucidating the expression, function and molecular mechanism of miRNAs will be particularly useful in investigating novel therapeutic treatments for cancers.
miR-452 has been studied in several types of cancer, including non-small cell lung cancer (15) , breast cancer (16), bladder cancer (17) and hepatocellular carcinoma (18) . However, the expression, biological function and molecular mechanism of miR-452 in pancreatic cancer remains to be fully elucidated. The present study revealed that miR-452 was significantly downregulated in pancreatic cancer tissues, particularly in metastatic tumors and pancreatic cancer cell lines. Notably, migration and invasion assays indicated that overexpression of miR-452 decreased the migration and invasion of pancreatic cancer cells. Subsequent experiments demonstrated that BMI1 was a direct target gene of miR-452 in pancreatic cancer. Collectively, miR-452 suppressed the migration and invasion of pancreatic cancer cells by directly targeting BMI1. Cell culture and cell transfection. The human pancreatic cancer cell lines (PANC-1, SW1990, ASPC-1 and CFPAC-1) and the human normal pancreatic cell line (HPDE6c7) were obtained from American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 IU/ml penicillin and 100 µg/ml streptomycin (all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). All cell lines were cultured in a humidified cell incubator, with an atmosphere of 5% CO 2 and 95% air, at 37˚C. miR-452 mimic and negative control (NC) were obtained from Shanghai GenePharma Co., Ltd. (Shanghai, China). BMI1 small interfering RNA (siRNA) and NC siRNA were purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The miR-452 mimic sequence was 5'-AAC UGU UUG CAG AGG AAA CUG A-3' and the NC sequence was 5'-UUC UCC GAA CGU GUC ACG UTT-3'. The BMI1 siRNA sequence was 5'-GUU CAC AAG ACC AGA CCA C-3' and the NC siRNA sequence was 5'-UUC UCC GAA CGU GUC ACG UTT-3'. miRNA or siRNA were transfected into cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's protocol. The medium was replaced with fresh culture medium 6-8 h after transfection.
Materials and methods

Human
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was isolated from tissues and cell lines using TRIzol regent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. For miRNA expression, RT-qPCR assays were performed using a TaqMan miRNA Assay in an Applied Biosystems 7500 Real-time PCR system (both from Applied Biosystems; Thermo Fisher Scientific, Inc.). For mRNA expression, cDNA was generated from total RNA through reverse transcription using M-MLV reverse transcriptase (Promega Corporation, Madison, WI, USA). BMI1 mRNA expression was evaluated with SYBR-Green Master Mix (Takara Biotechnology Co., Ltd., Dalian, China). The thermocycling conditions were as follows: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The primers were designed as follows: miR-452, 5'-GCG AAC TGT TTG CAG AGG-3' (forward) and 5'-CAG TGC GTG TCG TGG AGT-3' (reverse); U6, 5'-CTC GCT TCG GCA GCA CA-3' (forward) and 5'-ACG CTT CAC CGA ATT TGA GT-3' (reverse); BMI1, 5'-GTG CTT TGT GGA GGG TAC TTC AT-3' (forward) and 5'-TTG GAC ATC ACA AAT AGG ACA ATA CTT-3' (reverse); and GAPDH, 5'-GAA GGT GAA GGT CGG AGT C-3' (forward) and 5'-GAA GAT GGT GAT GGG ATT TC-3' (reverse). Each sample was analyzed in triplicate. U6 and GADPH were used as internal controls for miR-452 and BMI1 mRNA expression, respectively. Relative expression levels were calculated using the 2 -∆∆Cq method (19) .
Migration and invasion assay. Transwell chambers (Costar; Corning Incorporated, Corning, NY, USA) with 8-mm pore size polycarbonate membranes were applied to examine cell migration and invasion capacity. For the invasion assay, Transwell chambers were coated with Matrigel (40 µg/well; BD Biosciences, San Jose, CA, USA) prior to the experiment. In brief, 1x10 5 transfected cells suspended in 200 µl serum-free medium were placed in the top chambers and 500 µl complete culture medium containing 10% FBS was added to the lower chambers.
Following incubation at 37˚C in a cell incubator for 48 h, the cells on the top surface of the Transwell chamber were gently removed from the top chambers with a cotton swab. Cells on the lower surface of the membrane were then fixed with 90% methanol for 10 min and stained with 0.1% crystal violet for 10 min, and averaged across five random fields at x100 magnification using an inverted microscope (Olympus Corporation, Tokyo, Japan).
Target prediction of miRNAs. TargetScan (http://www. targetscan.org/) was adopted to identify the potential targets of miR-452.
Western blot analysis. Following incubation at 37˚C for 72 h post-transfection, cells were lysed using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) supplemented with 0.1 mg/ml phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate and 1 mg/ml aprotinin. Protein concentration was determined using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology). Equal amounts of protein (20 mg) were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA) using a Bio-Rad semidry transfer system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were then blocked in 5% skim milk in TBS-Tween-20 (TBST) for 2 h at room temperature, followed by incubation with the following primary antibodies: Mouse anti-human monoclonal BMI1 (1:1,000 dilution; cat no. sc-13519) and mouse anti-human GADPH (1:1,000 dilution; cat no. sc-166574) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C. The membranes were washed three times with TBST and probed with goat anti-mouse horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution; cat no. sc-2005; Santa Cruz Biotechnology, Inc.) at room temperature for 1 h. Membranes were then washed three times with TBST and visualized with enhanced chemiluminescence plus reagents (Pierce; Thermo Fisher Scientific, Inc.). Protein expression was quantified using Quantity One software version 4.62 (Bio-Rad Laboratories, Inc.). GADPH was used as an internal control for BMI1 protein expression.
Dual-luciferase reporter assay. PGL3-BMI1-3'UTR wild-type (Wt) and PGL3-BMI1-3'UTR mutant (Mut) were purchased from Shanghai GenePharma Co., Ltd. Cells were seeded onto 96-well plates and transfected with miR-452 mimics or NC, and co-transfected with PGL3-BMI1-3'UTR Wt or PGL3-BMI1-3'UTR Mut using Lipofectamine 2000 according to the manufacturer's protocol. Following incubation at 37˚C for 48 h, cells were collected and luciferase activities were measured using a Dual-Luciferase Reporter Assay system (Promega Corporation). The relative luciferase activities were normalized to that of Renilla activity.
Statistical analysis. Data are expressed as the mean ± standard deviation, and compared using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Groups were compared using two-tailed Student's t-tests or one-way analysis of variance with Student-Newman-Keuls post hoc tests. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-452 is frequently downregulated in pancreatic cancer
tissues and cell lines. The expression levels of mature miR-452 in the pancreatic cancer tissues and matched adjacent normal tissues were measured using RT-qPCR. The results revealed that miR-452 was significantly decreased in the pancreatic cancer tissues compared with that in matched adjacent normal tissues (Fig. 1A) . In addition, the levels of miR-452 in metastatic pancreatic cancer tissues were significantly lower compared with that in pancreatic cancer without metastasis (Fig. 1B) .
miR-452 expression levels were also explored in four pancreatic cancer cell lines (PANC-1, SW1990, ASPC-1 and CFPAC-1) and the human normal pancreatic cell line (HPDE6c7). Lower expression levels of miR-452 were observed in all four pancreatic cancer cell lines compared with that in the HPDE6c7 cell line (Fig. 1C) . Among these cell lines, PANC-1 and SW1990 cells were selected for subsequent functional studies as they expressed relatively lower levels of miR-452.
Overexpression of miR-452 inhibits pancreatic cancer migration and invasion.
Since miR-452 was downregulated in patients with metastatic pancreatic cancer, whether overexpression of miR-452 decreased migration and invasion capacity of pancreatic cancer was subsequently explored. PANC-1 and SW1990 cells were transfected with miR-452 mimics or NC. The ectopic expression efficiency of miR-452 was validated by RT-qPCR ( Fig. 2A) .
To clarify the effect of miR-452 on tumor metastasis, migration and invasion assays were performed with Transwell chambers. The results revealed that the migratory and invasive abilities of PANC-1 and SW1990 cells were suppressed by miR-452 overexpression (Fig. 2B) . Collectively, these results indicated that miR-452 functioned as a tumor suppressor and contributed to suppression of metastasis of pancreatic cancer.
BMI1 is a direct target gene of miR-452 in pancreatic cancer.
To further elucidate the molecular mechanisms underlying the inhibitory functions of miR-452 in pancreatic cancer, TargetScan was applied to identify predicated targets. As presented in Fig. 3A , BMI1 contained the predicted binding sites for miR-452. Dual-luciferase reporter assays were then performed to investigate whether miR-452 directly targeted the 3'UTR of BMI1. The results revealed that co-transfection of miR-452 significantly decreased the activities of the firefly luciferase reporter with BMI1-3'UTR Wt, whereas the inhibition effect was abolished when the predicted 3'UTR binding sites of BMI1 were mutated (Fig. 3B) .
Furthermore, RT-qPCR and western blot analysis were adopted to determine the regulatory effects of miR-452 in BMI1 expression. The results indicated that overexpression of miR-452 markedly suppressed BMI1 mRNA and protein levels in PANC-1 and SW1990 cells (Fig. 3C and D) . Taken together, BMI1 was a direct target gene of miR-452 in pancreatic cancer.
Overexpression of miR-452 inhibits migration and invasion of pancreatic cancer cells via knockdown of BMI1.
BMI1 was verified as a direct target gene of miR-452 in pancreatic cancer. To explore whether the inhibition effects of miR-452 on migration and invasion of pancreatic cancer was achievable by knockdown of BMI1, BMI1 siRNA or NC siRNA were transfected into PANC-1 and SW1990 cells. The transfection efficiency was measured using western blot analysis (Fig. 4A) . The effect of BMI1 siRNA in metastasis of pancreatic cancer was also measured. The migration and invasion assays indicated that BMI1 siRNA inhibited migration and invasion capacity of PANC-1 and SW1990 cells compared with that in NC siRNA groups (Fig. 4B) . These results suggested that overexpression of miR-452 inhibited migration and invasion of pancreatic cancer, at least partially by knockdown of BMI1 expression.
Discussion
Pancreatic cancer is an aggressive tumor characterized by early and aggressive metastasis, as well as dissemination of pancreatic cancer (7). Successful management and therapy of patients with pancreatic cancer remains one of the major challenges in clinical oncology. It is possible to cure patients with early stage pancreatic cancer with surgical operation (20) . However, the majority of patients are diagnosed at advanced stages and surgery is not possible (21) . Therefore, there is an urgent requirement for novel therapeutic treatments for patients with pancreatic cancer. A number of studies have indicated that miRNAs contribute to the carcinogenesis and progression of numerous types of human cancer via targeting multiple mRNAs (22) (23) (24) . Therefore, identification of specific miRNAs may provide therapeutic implications and may be exploited to improve treatments for patients with pancreatic cancer.
The present study is the first to investigate the expression, biological functions and molecular mechanism of miR-452 in pancreatic cancer. It was demonstrated that miR-452 was significantly downregulated in pancreatic cancer tissues and cell lines. In addition, the levels of miR-452 in metastatic pancreatic cancer tissues were significantly lower compared with those in pancreatic cancer without metastasis. Functional studies indicated that overexpression of miR-452 suppressed the migration and invasion of pancreatic cancer. In addition, BMI1 was identified as a direct target gene of miR-452 in pancreatic cancer. Thus, miR-452 acted as a tumor suppressor in pancreatic cancer and its downregulation enhanced metastasis of pancreatic cancer.
miR-452 has been studied in numerous types of human cancer (15, 16, 25) . For example, He et al (15) reported that the expression levels of miR-452 were decreased in non-small-cell lung cancer, and low expression levels of miR-452 were associated with advanced tumor stage and more extent of lymph nodes metastasis. Functional studies have revealed that under-expression of miR-452 may induce cell invasion of non-small-cell lung cancer (15) . In addition, miR-452 was revealed to negatively regulate BMI1 expression by binding to its 3'UTR, and the enhanced cell invasion induced by downregulated miR-452 may be eliminated by knockdown of BMI1 (15) . In breast cancer, miR-452 was downregulated in adriamycin-resistant MCF-7 cells compared with in parental MCF-7 cells. miR-452 mediated chemosensitivity to adriamycin in human breast cancer cells (16) . Furthermore, bioinformatics analysis, RT-qPCR and western blot analysis have demonstrated that miR-452 may be at least in part be involved in adriamycin-resistance of breast cancer via the targeting of insulin-like growth factor-1 (16). Liu et al (25) revealed that miR-452 was significantly downregulated in glioma tissues and cell lines, and miR-452 levels were associated with World Health Organization grades and patient survival. Additional studies revealed that miR-452 targeted BMI1, lymphoid enhancer-binding factor 1 and T cell factor 4 to decrease glioma stem-like phenotypes in vitro and inhibit glioma carcinogenesis in vivo (21) . miR-452 is regarded as a tumor suppressor in non-small cell lung cancer (15) , breast cancer (16) and glioma (25) . However, in hepatocellular carcinoma, miR-452 was markedly upregulated in tumor tissues and cell lines (18) . Ectopic expression of miR-452 enhanced cell proliferation, promoted transition from phase G1 to S in the cell cycle and suppressed apoptosis, migration and invasion of hepatocellular carcinoma. In addition, miR-452 decreased cyclin-dependent kinase inhibitor 1B (CDKN1B) mRNA and protein expression by directly targeting the 3'UTR of CDKN1B; the knockdown of CDKN1B resembled the phenotype resulting from overexpression of miR-452 expression (18) . miR-452 was also demonstrated to be an oncogene in esophageal cancer (26) and urothelial carcinoma (27) . These conflicting studies indicated that the expression and functions of miR-452 in human cancers have tissue specificity. It may be explained by distinct context of various microenvironments, and the imperfect complementarity of the interactions between miRNAs and target mRNAs (28) . In the present study, miR-452 was demonstrated to act as a tumor suppressor in pancreatic cancer by inhibiting cell migration and invasion. The present study expanded the expression and functions of miR-452 in human cancers.
Identifying the target genes of miRNA is essential for understanding its functions in carcinogenesis and progression. In the present study, BMI1 was revealed to be the direct target gene of miR-452 in pancreatic cancer. BMI1, a member of the Polycomb group genes, was first demonstrated as an oncogene in murine lymphoma (29) . Previous studies have suggested that BMI1 is highly expressed in numerous human cancers, including lung cancer (30) , prostate cancer (31) and colorectal cancer (32) . Additional studies have demonstrated that BMI1 serves important functions in a number of biological processes, including the cell cycle, apoptosis, senescence and proliferation (33) (34) (35) . In pancreatic cancer, BMI1 is upregulated and expression levels of BMI1 are associated with proliferation, survival and poor prognosis of patients with pancreatic cancer (36) . Furthermore, BMI1 functioned as an oncogene in pancreatic cancer by promoting chemoresistance, invasion and tumorigenesis of pancreatic cancer (37) . The results of the present study were in accordance with the aforementioned results. The present study revealed that knockdown of BMI1 suppressed migration and invasion of pancreatic cancer cells, which is similar to the effects of miR-452 in pancreatic cancer.
In summary, the present study demonstrated that miR-452 was downregulated in pancreatic cancer tissues, particularly in metastatic tumors and pancreatic cancer cell lines. Ectopic expression of miR452 may suppress migration and invasion of pancreatic cancer cells through directly targeting BMI1. These results indicated that miR-452 may be useful as a novel potential therapeutic treatment for pancreatic cancer to block metastasis.
